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The fiehery Conservaticn and Management Act (FCMA) of 1976
wag passed by Congress botﬁ-to prevent the decline of present fisheries
and to encourage .the development of under— or nonutilized fisheries.
The intent of:the FCMA is clear: Fisheries provide a multitude of
benefits, auch;as_eccncmic,.recreational, food production, etc., all
of which are worthy objectives of management. At the same time the
FCMA emphasizes the need to manage the fisheries in a manner that

' insures the continuation of the stocks and the benefits derived from

'the atocks _ In order to carry out this law, eight regional management
councils have been creared, which have the responsibillty to create

' management plans for each of the stocks under their jurisdiction.

; e In practice, the FCMA 15 being interpreted as requiring the -
regional councils to calculate a single number for each stock, the
optimum yield" (OY) for the stock. The criteria to calculate the
optimmm yield“ and to develop management measures are varied indeed

in the FCHA Yor cxample, OY is defined as:

o "...means the amount of fish—

.:(A) which pravides the greatest overall benefit to the Nation,
with particular reference to food production and
o recreaticnal opportunities;'and
K?)-whlcnlis prescribed as such on the basis of the maximum
- sust;ined yield from such a fishery, as modified by ani
. relevant economic, social, or ecologlcal factors."

% and management measures are required to:

\
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"(5) Comservation and management measures shall, where

\

practicable, promote efficiency in the utilization ﬁ
of fishery resources; except that no measure sghall
have economic allocation as its sole purpose.
(G)équservation and management practices shall take into
’account and allow for variations among, and contingencies
in, fisherlies, fishery resources, and catches.

(7) Conservation and management measures shéll, where
practicable, minimiée costs apd avoid unnecesﬁary
duplication.” |

and OY again is définéd as: .

"The term 'optimum' is defined in this context...to mean the
amount. of fish from a fishery which if pro&uced,'will provide
the greatest overall benefit to the Nation .(especially in

 terms of food production and recreatiomal opportunities)

and which is prescribed for that fishery on the basis of

- the maximum yield sustainable therefrom (a biclogical

-

measure) as modified by any relevant economic, social or

ecological factor." '

Some concern has arisen sbout how the regional concerns are
to incorporate these myriad objectives into a management plan (see
remarks prepared by Dr. James Crutchfield to Pacific Region Management
21y

Council Certainly the plans should not be whatever the councils

want, but should be required to adhere to some kind of objective

guidelines or methods in pPreparing and justifying the management plans.
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Dr. Crutchfield proposes returning to "maximum sustained yield"
(MSY) as ""the reference point for council deliberations on 0Y. We

would depart from it in a measured, justified, and explained way..."

to include other criteria or objectives into the management plan.
What concerns Dr. Crutchfield 1z that the FCMA rquires the councills
to develop management plans based on multiple, probably conflicting
objectives, and there'épgeata to be no "objective" method of deter;
mining plans iq such situations. The purpose of this paper ié
Itwofold. First, a consistent terminology and methodology is presented,
which allows us to define what we mean by a pﬁlicy, a "good" policy,
and an "optimal” policy. This terminology and methodology can be used
" in either the single or multiple geal setting. Furthermgreif,a policy
as we define it, takes into account variations in stock size, catch,

envirommental factors, ete.

»

Second, using the framework provided in éhe previous section,
we see to what extent we can define'susﬁaiped-yield for a multicbjective
problem, aﬁd_considef what approach Dr. Crutchfield has suggéstedr$9
his comments. We show fhat there are several other approaches avallable
ﬁhich appear to us to be more suited to tﬁe.responsibilities of the
regional councils. This paper is the descriptive framework of a paper
to be presented at the Joint ORSA-TIMS! National meeting (San Francisco,
May 1977) where some of the mathematical and algorithmic aspects of

"good" policies for managing fisheries will be discussed.
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I. States, Actions, and Policies ) i
"-

In oxder tﬁ be abié to clearly talk about sustained ;ield
and wmultiobjective decisionmaking,. we must devélop_precisg
definitions of what we mean by policies, decisions anﬁ "optimal”
policies. Oufidefinitions are borrowed from the dynamic progrémning
literature (see Denardo[sl).  Other definitions are possible, but
these particular definitions have a consistency that caﬁ be used in

mathematical formulations of the problems.

The first part of a decision problem is to decide the

length of the planning horizon T, thaf_is,the rumber of périods into
the future that will be included in our assessment of how well we
are doiug. Next, we must have a set of states that descfibe the
gsystem at some point in éiﬁe. In a fisheries context, the state
might be the stock size at the beginning of the period,.br the size
of each age class, etc. Assqéia#ed with each state are a set of

possible actions or decisions. The decision might be the amount of

-~

fishing effort this period, or the age-specific. harvest rate, etc.
In each period,.given the state and the decision, we must

have a transition function which tells us the state at the start of

the next period. The transition function need not be deterministic:
that is it may only describe with what probability we expect to reach

a given state in the next peried, knowing our state and deecision

this period.
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We can now define what we mean by a policy (we restrict
ourselves to "feasible" policies, that is ones that are attainable
given the dynamics andé coustraints of the system)f A policy is a
contingency plan that describes, for each possible state in each and
every period ;p.the planning horizon, what action to take in ;hat
period. The réason for such a general definition is that our
transition function may not be deterministic. We do not know what
state we will be 1n_in any period in the future, so we must develop
a plaﬁ wﬁiqh conslders all possible states.

Let us assume that we have some méaﬁs of comparing the time
streams of period by period returns from every policy. For example,
we might assume that in each period t there is a return function
G (x, y) which describes the return for each state x and decision v.

"In this case, we might want to-"'

A . r ) ) . . ) -
maximize E L G (., v.)
N B t= 1 t I:

where E 1is thé'éxbeﬁtﬁfion faverﬁgé).operator. Or else we may have

developed a utility function to.compare the time streams, as in

' Keeney[ﬁl- In either_c#sé, by'an optimal'pg}icy we mean a policy

that produces the greatest return given the desired method of

comparison.

A complete discussion of optimal policies for renmewable

resources can be found in [l? 8, 9, 10, 13]. As an example, assume
that x_ is the stock size at the beginning of period t, y_ is the
t : t

- stock size at the end of period t, that there is a return from
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harvest in period t of ot (x - Yt) 0 <ax 1 (that is lin§ar
benefits from catch, discounted by a rate a) and that the population
dynamics are given by x ., = B[Yt, Dt] where D_ is a random variable
reflecting the influence of the enviromment, inaccurate measuring or

imprecise modeling. Then in each period t, an optimal policy is

described by a base stock size xz (see Table 1) .

Table 1.-—Optimal policy for linear returns.

Population size at Optimal catch size Opﬁimal population
beginning of period during period slze at end of period
O O o
> -
x> % X, - X x,
o
x, S X Q x,

Tf the initial population size is greater than the base
stock size, then it is optimal tec harvest to the base stock size xz.
Otherwise, it is optimal not to harvest. Notice that the policy
does not call either for sustained catch or for.sustained effort, ~ ~
An optimal policy is state specific, and the amount the optimal -catch
will vary will depend on the amount of fluctuation in the “producﬁion"
(transition) function,

. The main point of this example is to clarify what we mean
by "optimal," "policy,” and decisions, and to show why uncertainty

makes it necessary to use such definitions.




I1. Multiobiective Decisions

Multiobjective deéisionmaking ‘has been an active area of
recent study in the field of operations fesearch-(see the extensive
bibliography published in Zelenyt'’)*). The main interest of study
is decisionmaka;gj when the multiple goals are coﬁflicting in their
aims. In what asense is it possible to talk about "optimal® or
Y"good" policies. For clarity df expogsition, we consider at first
only the static.problém, that is our planﬁing horizon consists of‘a
single period. Assume for each state x (poséiblj a vector) there are
j possible decisions or actions, giveﬁ by the vector y = (yll.f.s yj).
In & fisheries context, the j} actions might be the amount of fishing
effort allaved different sectors of the fishery. Given the state x,

and the decision y, we assume there are k return fﬁnctions j £k,

Gl(x, ¥), Gz(x, y);.., Gk(x, y) each of which independently measures

the benefit in some sense, from observing state x and making the

‘decision y. For example, Gl-might represent the economic benefit,

2 3

G” might represeht food or protein production, G’ might represent

¢
t
5

!

benefits to recreational fighermen. Then, by an "optimal™ policy

. * %
for state x, y (x), we mean & vealizable decision y (x), such that:

* i
Gi(x, y (x)) > 67 (x, y)
for 1 =1, ..., k

and for all attainable y.

*
In this section, references to authors mean the cited works in
this bibliography, unless a specific alternate reference is given.
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That is, the decision y*(x), out of all possible decisfgns,
is simultaneously optimal in each and every objective. TFor conflicting
objectives, rarely does such a policy exist, and real world experience
confirms this ohservation. For example, in the California anchavj
fishery, policies that aré economically optimal for the feduction
fishery overfish in terms of wmaintaining anchovy stocks as food for
recreational fish. .

While we may nof be able to talk about "optimal” policies
in the multiobjective case, we can defimne “good” policies. However,
it is worth noting that a "good" poliqy will depend on both.the
objectives involved and on the particular definition of "good."

Multiobjective decisionmakiné"}has taken two basic
approaches: Prior weighting of the.objectives and posterior weighting
of the objectives. 1In the fi?st category are methods such as
determining utility functions, goal programmeing, and just plain
assigning weights. In the latter categéry are programming techniques
to determine "nondominated,” "noninferior," "efficient," or "weakly-
maximal" decisions. |

Several examples of using utility functions in managi;g
fisheries have appeared recently (see Tdmlinson, verlinsky, or Keeney{ﬁl).
A utility function reduces the multiobjective problem to a single
dimension. That is, each possible combination of the k objective
functions is reduced to a single mumber that represents ouf overall
preference for that particular mix of returns. In practice, ca:efully

chosen pairwise comparisons of returns are showed to the "decisionmaker,"
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who chooses one as "preferred.” -Repeating this process can eventually
lead to the determination of a utility function. (For a complete
discussion of utility theory, see von Neumann and.Hbrgensteinllﬁ];
Luce and RaifﬁJ7]; Fishburn or Keeney among others.)
One type of utility function is a weighting of the

’ :
k-objectives. That is, for each state x and decision y, the total

LI kg
return is J = I A7C (%, ¥) such that I A7 = 1. The weights are
i=1 i=1 ’

determined beforehand, and we are left with a straight optimization

#%.1 problem. One wideiy known version of this is "goal programming”
PR p

(see Charnes and Cooper, or Fee). In “goal programming,” rather
than an objeétive functfon, there are k fixed goals, which are ranked
in order of importance. _The‘k goals are then assigned incommensurable
_weighté,.tha: is alhighef goal is so weighted that if feasible, it
will always ﬂé appréached before a lower ranmked goal. The problem
then is to minimiié the total weighted absolute deviation from the
goals, which can be solved by linear programming '_éodes’..;.--{__ What
makes goal programming nontrivial is that constraints on the probi;ﬁ

often bring lower ranked goals into the final solution ahead of a.
| higher ranked.goal._

A priori weightings have thg strong advantége that cbmputa—

tional methods to calculate optimal policies for these problems are.
available. Howevér, it is our feeling that for ﬁost problems arising

from the FCMA that this is not the approach to take. First, it is

not at all clear whose utility function should be determined in
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managing a fishery. The regional management council? The exefutive
director of the council? In a sense, this line of reasoning p&ta the
council ahead of the law. Dr. Crutchfield's remarks cited in the
introduction are relevant here-—the councilé are not set up to do
whatever they;waut. Horeover; we have little experience at multi-
objective management for fisheries, and it is our feeling that few
people will have a good intuitive feel for what a stated preference
means in terms of its effects on each segment of the fishery. However,
there are certain cases where these techniques seem most applicable.
The tuna-porpoise problem seems to us.to be a godd example. Unless
the Marine Mammal Protection Act is severely modified, the law has
mﬁde the decision that goals concerning maintaining porpoise are wore
" important than economic goals of the tuna industry. In fact, as now
interpreted by the courts, the goal of ﬁéintaining the porpoise is
incommensurably more important. Thus, we have a goal programming
iike problem. If Senator Hayakawa's bill passes the senate, the
weighting will be reversed, and again we are reduced to an optimization
problem that is relatively simple. Of course we have our owm
preferences on this particular problem,but our point here is teo
demonstrate the applicability aﬁd limitation of oﬁr procedures.

The "posterior™ methods do mot produce a single solution.
Rather they are procedures that eliminate policies so that what is
left are a set of policies none of which can be said to be "betger"
than any of the other policies in the set. For example, Yu has

developed the concept of a "nondominated” solution (see Yu; Yu and
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Zeleny; Leitmann and Yu; Bergstresser, Charnes, and Yu). Let
G(x’ y) represent the vector of k objective function G =, ¥, ..,
G (x, ¥). Let G(x, vy ) and G(x, y) be two alternate values of the
vector. Associated with each vector of returns G is a "domination
structure" D(G), that is G(x, y) # G(x, y*) and G(x, y)} is contained
in the set defined by G(x, y ) + D(G(x, y )) then G(x, y) is saild to
be dominated by G(x, ¥y ). A particular example of a domination

Structure is given by:
DE) = {(d;, a,, ...,_i_il'c) | 4, dys -ery @ < 0}

with strict inequality holding for one component. This domination
Bet states that an increase in the value of any objective function
is always preferred.:_ This :ls also the domination sttucture which
defines a "Pareto Optimal" or "afficient" point, That is G(x, vy )

1Y

is "Pareto opt:lmal" i there exists no attainab].e ¥y such that
_G (x, y) 3_6 (=, y) 1i=1, sany k
with one of the k inequalities being a strict inequality. For_

example, consider these four vectors of "returns®:

(2, 4, 7, 1); (8, 5, 9, 1); (3, 3, 2, 2); (4, 7, 7, 6)

The second and fourth vectors are Pareto optimal. To see this, note:
(8, 5, 9, 1) > (3, 5, 2, 2)
(8, 5, 9, 1) 242, 4,7, 1)
{4, 7, 7, 6) >43,5,2,2

(4, 7, 7, 6) >(2, 4,7, 1)
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However, there is no simple ordéring between (8, 5, 9, 1) anda
(4, 7, 7, 6). Thus each is in some sense' g "good" policy (mr‘1
returns from a "good" policy).

Several authors have shown that in many insfancea,
particularly if the objective'fﬁnctiona are linear or concave and
nondecreasing: then each efficient point-is equiﬁalent to the
optimal point for some lipear cambina:ion of_the krobjectivez,

that is for some li, i=1, ..., k, & Xi =] and with J = E kiGi(x, ).
. i=1 -

Each efficient point represents some weighting of the k cbjectives,
though not all weightings are equivalent to an efficient point. This
is why we have termed these procedures "posterior" procedures, in
that the weighting(s) are found rather than determined beforehand.
These procedures have the advantage of presenting the council with
a vaiety of alter;ativés, each of which represents a weighting of the
objectives, and each of which is a "good" policy in some well defined
sense of the word. ?hese procedures have the disadvantage that
computationally they are more difficult, and also because iﬁ is -~ .
possible to have a problem that has a multitude of such "good"
policies, so that little has been gained by the éffort.

A final solution concept to the mltiobjective decision
problem is to allocate to each element yj of the decision vector y
that which it would obtain at a "competitive equilibrium." By a
competitive équilibrium, we mean a point where each "player"
simultaneously maximizes its return against a fixed policy of all the.

other "players." Thus at a competitive equilibrium, each player is
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maximizing its return against the other players best strategy. If
any player deviates from that point, they will decrease their own

[11] {3} o [ 12]

return (see Nash 3 Luce and 3a1ffa[7]; or Owen

; DeBreu
for a discussion.of game theoretic solution concepts). As a solution
concept, compéfitive equilibriums or other game theoretic "“solutions"
leave the government, or governmént agency, such as the regional
councils, the role of arbiter or mediator, which is a more passive
role that it would seem is the intent of the FCMM. However, there is
a large and growing 1itera;ure on applications of game theory that
lend this some appeal.

| One of the main advantages of the techniques or concepts
we have discussed is that théy all, except perhaps for goal programming,
readily extend to include multiperied, dynamic decision problems.
Now, inatead of ;omparing objective functions from one period, there
is a period by period time stream of ﬁectbrs of objective functions
or returns. Utility functions usually are discussed in the dynamic
éontext,-and the references cited earlier provide a good basé. =
Leitmann and Yu extend the concept of nondominated solutions to
dynamic, continuous time, ;le'terﬁinistic-models. sobe1! 15! discusses
Pareto optimal and competitive equilibrium solutions to discrete
time, stochastic probleﬁs, with either ordinal or cardinal preferences ;
(see also Deqardo[al and Sobell%él). Computational experience with‘
such problems igs very limited, but at least it provides a consistent

framework to begin to set guidelimes and to evaluate our decisions

when there are multiple, conflicting objectives.
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ITI. Maximum Sustained Yield (MSY) and the FCMA Y

In this section we return and evaluate Dr. Crutchfield's
proposal cited in the introduction, but usiﬁg thé techniques and -
concepts we have developed. Though we do have some reservations
about Dr. Crugéhfield's comments, our main purﬁose is to demonstrate
that even when we are not caleculating "aolutinng" to specific
problems, our techaniques are still a useful and pﬁtent tool,

One criterion we require from all sqggestions for guidelines
to the councils is that all the terms-bé prééisely defined. By
precisely, we mean it iz clear how tohobtaiﬁ a numbgr (or.nuhhars)
from the terms, since the FCMA requires that.we manage effort amd
catch and stock sizes. Examples of 1mprecis§ terms are statements
such as "it is desired to insure the future stock sizesﬁ or that the
yield "on the avérage“ be maintained. The problem with the first
term is that if we believe stocks fluctuate in ways we cannot control
completely, when we say "insure the future stock sizes" do we mean

no lower than a certain size?, or within a range of sizes? Do wé-‘?
mean, with probability one, the stock, in all future perioda, dbgs
not leave this range, or do we mean that we minimize the probability
of future stock sizes departing from this range? As an example,
there is some feeling that the Californmia anchovy and sardine have

natural cycles that are independent of harvesting effort. If this

1s assumed to be true, what does it wmean to insure the future stock

sizes of the anchovy——there is no policy that insure this.
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The second term is vagoe because there are too many ways
of taking a long-term average, particularly if we are averaging over
a stochastically fluctuating phenomena. We will see this more
c¢learly in a moment.

Dr. Crutchfield has advocated a guideline of returning to
MSY and deviating from it in a measured, justified way. In our
terminology, Dr. Crutchfield recommends a pricr weighting of the
goala, with MSY being given tho ﬁighest weight, almost an iancommen-

surably high weight. Thus, rather than establishing guidelines for

~ the councils to consider in determining policy, Dr. Crutchfield has

suggested the form the councils objective function should take.
Presumahly the rationale is that HSY is in some sense equivalent to

"maintaining the stock," aod it is this underlying goal that 1is

'being given the highest weight by Dr. Crutchfield. However, it is

L = { -

not clear that MS! ia equivalomt in any sense to “maintaining the
stock nor is it clear that an optimization problem which desires

to minimize the probability that the stock size drops below a

- -

- eertain prescribed level will produoe a sustained yield policy as its

solution (in fact, results in [:a,,jj}suggest the opposite).
To see this more clearly, let us examine what we mean by
M5Y. MSY is usually defined in the context of single species, pooled

age class, deterministic models. The sustained yield at any population

‘ size is the net growth in the population. The MSY is the maximum

H
4

o

growth possible. Soppose however, growth fluctuates, so that it is
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possible that if we harvest the expected growth, we may in fact
reduce the population below the initial populat;on size. Repeaied
Instances of this certainly will not maintain the stock size.
Suppose instead we assume we want to maximize the exﬁected long rﬁn
(time)Faveraggd growth. I#Efollaws from [8] that a constant effort
or sustained yield.policy is again not optimal, and in fact has the
same detrimental possibilities mentioned equier.

Suppose we are trying to balance biological goals with
recreational goals, In this instance, agé-specific models are
probably the most usaful. What does MSY mean here? Does it require
a, constant age specific profile, a constant total number, a periodic
Teturn tolé specific profile, or what? Consider especially the
difficulty i1f we assume there is density dependent recruitﬁent_and
fiuctuating rates.

There are no easy solutions to the problems that the
regional councils face. Howevér, we can require that all suggéstions
and poliéies to and from fhe counclls meet certain guidelines. The
type of guidelines we suggest iﬁ that first, all terms be.defingd in
a way that makes clear how they are to be measured. Second, when a
policy is sald to be “optimal," or "good,"” that the sense of these
words be clearly defined, that the different objiectives be clearly
stated, that the weightings to each objective that will occcur
following this policy be clearly discussed, and that the reasoﬁ S
alternatives were rejected be mentioned. We have presented in this

paper numerous definitions of "good"” and "optimal,” which can be
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calcuiated from.data. These do.not exhaust the possibilities, but
certainly suggest that we can clearly define and objectively
evaluate & multiobjective decision problem.

Finally, the emphasis on a single number, "optimum yield,"
should be dropped, replaced instead with reasons why a particular
allocation of catch, effort, entry, etc., was chosen, what this-
means in terms of present and pofential effects, and also what it

implies for present and potential yield.
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